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ABSTRACT 


Electricity  and  transportation  sectors  are  responsible  for  a  significant  percentage  of  the  global 
energy-related  greenhouse  gases  emission,  and  their  emissions  are  increasing  at  a  faster  rate  in 
comparison  to  other  sources.  Among  all  the  sustainable  solutions  to  energy-related  emissions.  Hybrid 
Renewable  Energy  Systems  (HRES)  are  becoming  a  more  effective  option  for  rural  electrification  and  other 
energy-related  applications.  This  paper  presents  a  novel  approach  for  the  performance  analysis  of  HRES 
for  electricity  generation  for  typical  household  electricity  generation  and  application  to  mini  electric 
campus  shuttle.  Different  benchmark  models  are  employed  in  the  modelling,  simulation  and  validation  of 
the  designed  HRES.  The  simulation  results  obtained  on  the  designed  HRES  demonstrated  the 
effectiveness  of  all  the  adopted  methods  in  enhancing  the  modelling  accuracy  of  renewable  electricity 
systems  in  electricity  generation.  The  technical  analysis  of  the  system  based  on  the  simulation  and  the 
validation  results  demonstrated  that  the  system  could  deliver  the  full  electricity  demand  of  typical 
household  as  well  as,  the  total  electricity  demand  of  BSC-P1  electric  campus  shuttle.  Additionally,  1 00% 
Battery  Energy  Storage  System  (BESS)  charging  was  achieved  and  the  battery  capacity  was  never 
reached  at  all-time  indicating  the  viability  of  the  system  in  supplying  uninterrupted  power  to  the  electricity 
demand. 

KEYWORDS:  Renewable  energy;  Electric  vehicles;  Wind-solar  PV  hybrid;  Cubic  spline  interpolation; 
Microgeneration 
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I.  Introduction 

Sustainable  electricity  and  transportation  have 
become  the  grand  challenges  of  the  twenty-first 
century  from  the  political,  economic  and  societal 


point  of  view  [1],  Utilization  of  fossil  fuels  for 
transportation  and  energy-related  issues  is  among 
the  biggest  culprit  of  anthropogenic  carbon 
emission,  accounting  for  about  60%  of  the  global 
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CO2  emission.  Electricity  as  the  backbone  of  ensuring  stable  and  reliable  operation  of  the 


development  of  any  society  has  already  contributed 
37.5%  of  the  total  global  CO2  emission  releasing 
about  7700  million  tons  of  CO2  annually  [2,  3,  4,  5]. 
To  address  this  challenging  issue,  renewable 
energy  technologies  are  highlighted  as  the  potential 
solutions  to  sustainable  electricity  generation  for 
large,  medium  and  small-scale  electricity 
generation  [6,  7,  8,  9].  Renewable  energy  sources 
such  as  wind  energy,  solar  energy,  small  hydro, 
geothermal  energy,  etc.  are  clean  energy  sources 
that  offer  the  promise  of  meeting  energy  demand 
for  both  on-grid  and  off-grid  applications  as  well  as, 
application  to  EVs  (Electric  Vehicles)  [10].  Although 
renewable  energy  sources  are  intermittent  in 
nature,  looking  at  renewable  energy  sources 
potential  at  diurnal  level  (i.e.  the  hourly  level  of 
generation)  and  complimenting  different  renewable 
energy  technologies  in  the  form  of  hybrid,  solve  the 
effect  of  intermittency  of  renewable  energy  sources 
in  electricity  generation  [11]. 

Hybrid  Renewable  Energy  Systems  (HRES)  such 
as  wind-solar  hybrid  are  among  the  most 
promising  renewable  electricity  generation  sources 
in  the  context  of  sustainability  to  the  environment. 
This  is  because,  in  most  of  the  hybrid  case  studies, 
nearly  all  the  traditional  intermittency  effect  of  the 
traditional  standalone  renewable  electricity 
generation  systems  are  solved  [12].  HRES  have 
been  developed  and  practically  confirmed  to 
generate  autonomous,  stable  and  sustainable 
power  for  both  on-grid  and  off-grid  applications 
[13,  14,  15].  The  benefit  of  HRES  especially  in  the 
rural  electrification  where  the  majority  of  the 
populations  living  off-grid  are  low-income  houses 
in  the  villages  where  most  of  the  renewable  energy 
resources  are  readily  available,  and  cheaper  to 
explore  in  comparison  to  grid  expansion  [13,  14, 
15,  16]. 

To  improve  the  accuracy  of  renewable  hybrid 
technologies,  enormous  research  studies  are 
available  in  the  area  of  HRESs  on  stabilizing  hybrid 
power  output  and  improving  the  overall 
performance  of  the  system.  Ding  et  al.  [17] 
conducted  a  study  on  the  economic  and  system 
performance  of  the  wind-solar  thermal  hybrid 
system  in  Zhangbei  China.  The  study  revealed  that 
the  hybrid  system  has  the  highest  net  present 
value  compared  to  the  conventional  coal-fired 
power  plant,  in  addition  to  the  huge  carbon 
emission  reduction.  Stroe  et  al.  [18]  analysed  the 
operational  reliability  of  the  wind-solar  PV  hybrid 
system  integrated  with  the  Li-ion  battery  storage 
system  for  mitigating  power  output  variability  and 


system  studied.  The  output  of  the  study  revealed 
that  the  battery  capacity  was  at  no  time  reached, 
which  is  indicating  the  viability  of  the  system  in 
supplying  uninterrupted  power.  Bhattacharjee  and 
Acharya  [19]  perform  a  techno-economic  analysis 
of  PV/wind  in  India  using  the  HOMER  simulation 
environment.  The  simulation  results  of  the 
proposed  hybrid  system  show  a  satisfactory  result 
that  can  maintain  the  energy  flow  to  the  load  at  all 
times.  Fathabadi  [20]  proposed  a  novel 
battery/ PV/wind  hybrid  power  source  equipped 
with  V2G  technology  to  replace  the  internal 
combustion  engine  in  a  PHEV.  The  findings  of  the 
study  revealed  that  the  system  could  provide  high 
power  efficiency  in  comparison  to  the  conventional 
combustion  engine,  in  addition  to  increased 
cruising  range  for  the  PHEV.  Baneshi  and 
Hadianfard  [21]  analyzed  HRES  comprising 
PV  /wind/batteries  is  using  HOMER  modelling  for  a 
non-residential  area  in  southern  Iran  using 
demand  and  peak  demand  of  9911  kWh  and  725 
kW  respectively.  The  study  revealed  that,  with  the 
addition  of  batteries  to  the  off-grid  HRES,  the  COE 
decreases  with  increases  in  the  system  reliability. 
Amutha  and  Rajini  [22]  studied  the  feasibility  of 
solar/wind/hydro  based  HRES,  with  a  battery  as  a 
storage  device,  for  electrification  of  Kadayam  a 
rural  village  in  Tamil  Nadu,  India.  The  study 
compared  the  hybrid  system  with  the  grid 
extension  using  HOMER  software.  The  results  of 
the  study  revealed  that  a  grid  extension  is  never  a 
suitable  option  for  the  selected  location  with 
respect  to  cost  effectiveness  and  environmental 
protection.  The  study  clearly  showed  that  the 
hybrid  system  provides  complimentary  effect 
throughout  the  year  by  meeting  the  power  demand 
without  any  adverse  effect  on  the  environment. 
Carvalho  et  al.  [23]  perform  a  study  to  evaluate  the 
technical  and  economic  feasibility  of  wind-PV 
hybrid  systems  using  a  simulation  method.  The 
study  compared  the  economic  viability  of  PV  power 
into  wind  systems  under  different  rated  power.  The 
findings  of  the  study  revealed  that  wind  energy 
system  is  economically  ideal  and  the  continuous 
insertion  of  PV  power  into  the  wind  system 
decreases  the  chances  of  profitability  although,  at 
some  amount  of  PV  rated  power  the  project 
maintains  a  high  probability  of  being  successful. 
Charrouf  et  al.  [24]  have  performed  a  study  using 
Artificial  Neural  Network  (ANN)  algorithm  for  the 
power  management  of  a  small-scale  Reverse 
Osmosis  (RO)  desalination  system  driven  by  hybrid 
wind-solar  conversion  system  with  battery  bank  as 
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a  storage  element.  The  main  objective  of  the  study  comprehensive  resource  assessment  of 


is  to  ensure  the  smooth  transfer  of  the  generated 
power  by  the  hybrid  system  under  the  variability 
and  intermittency  of  the  wind  speed  and  the 
irradiation.  The  results  of  the  study  reveal  that 
energy  management  by  the  neural  network 
algorithm  allowed  the  system  manage  the 
energy-output-demand  balance  of  the  variable 
exogenous  inputs  as  well  as  the  variable  load 
profiles  intelligently  while  exploiting  the 
information  obtained  from  different  inputs.  Thierry 
Odou  et  al.  [25]  performs  a  study  to  analyse  the 
techno-economic  feasibility  of  hybrid  renewable 
energy  system  (HRES)  for  sustainable  rural 
electrification  in  Fouay  village,  Benin  Republic, 
Africa.  The  study  utilized  HOMER  software  for 
optimization,  simulation  and  sensitivity  analysis  of 
the  system.  The  findings  of  the  study  shows  that 
hybrid  solar  photovoltaics  (PV)/ diesel  generator 
(DG)/ battery  (of  150  kW/62.5  kVA/637  kWh)  is  the 
least  cost-optimal  system  and  the  can  ensure  a 
reliable  power  supply,  reduces  battery 
requirements  by  70%  compared  to  PV/ battery 
system  and  achieves  97%  CO2  emissions  reduction 
compared  to  a  conventional  DG.  In  the  study 
conducted  by  Dhunnya  et  al.  [26],  an  analytical 
framework  is  developed  using  fuzzy  logic  to 
evaluate  optimal  sites  for  wind,  solar  and  hybrid 
wind-solar  farms;  using  criteria  components  for 
energy  optimization  through  climatological, 
topographic  and  human  factors.  The  model  is 
applied  through  a  case  study  to  the  Island  of 
Mauritius,  which  bears  a  highly  complex 
topography.  The  output  of  the  study  revealed  the 
viability  of  the  methods  adopted  in  identifying  the 
potential  sites  for  hybrid  electricity  generation. 
Krishan  and  Suhag  [11],  perform  a 
techno-economic  analysis  of  grid-independent 
hybrid  wind-solar  PV/  battery  system  for  a  very 
energy-poor  community  in  India,  using  MATLAB 
and  HOMER  simulation  software.  The  findings  of 
the  study  revealed  that  the  hybrid  system  was  able 
to  maintain  the  voltage  output  for  the  load 
irrespective  of  the  resources  variation.  In  Tiwary  et 
al.  [27],  the  feasibility  of  a  community-scale  hybrid 
renewable  energy  system  comprising  wind-solar 
PV-  biogas  generator-battery  system  was 
investigated  in  two  European  cities  Gateshead  (UK) 
and  Sofia  (Bulgaria)  using  HOMER  simulation 
method.  The  outcome  of  the  study  revealed  that  the 
proposed  system  could  supply  the  total  energy 
demand  of  the  two  cities  alongside  the  huge 
reduction  in  biodegradables  waste  disposal.  In  the 
study  conducted  by  Jameel  et  al.  [28],  presented  a 


wind-biomass-PV  system  electricity  generation  for 
the  local  inhabitants  of  Kallar  Kahar  village  in 
Punjab  Province  of  Pakistan.  The  study  adopted 
HOMER  Pro  software  to  evaluate  the 
techno-economic  feasibility  and  viability  of  the 
system  for  village  electricity  application.  The  result 
of  the  study  shows  that  the  system  can  supply  the 
total  electricity  demand  of  the  village  with  excess 
power  to  the  grid.  Additionally,  Golbarg  and 
Mutasim  [29]  designed  and  modelled  HRES  for  the 
remote  area  of  Ras  Musherib  a  location  in  the 
western  region  of  Abu  Dhabi,  United  Arab  Emirates 
using  HOMER  simulation.  The  HRES  consists  of 
solar  PV-wind  system -BESS-diesel  generators.  The 
findings  of  the  study  revealed  that  the  HRES  was 
able  to  supply  the  full  electricity  demand  for  the 
designed  application  with  a  significant  CO  2 
emission  reduction  in  comparison  to  using  only 
diesel  generators. 

It  is  clear  from  the  literature  analysis  that  huge 
improvement  has  been  witnessed  on  the 
performance  of  hybrid  wind-solar  PV  in  different 
energy  applications.  However,  the  major 
drawbacks  observed  in  the  previous  research 
studies  conducted  on  the  feasibility,  viability  and 
performance  of  HRES  systems  in  electricity 
generation  is  the  absence  of  in-depth  diurnal 
resource  analysis  and  adequate  demand  dynamics. 
Additionally,  in  the  case  of  HRES  application  to 
electric  vehicles,  Wang  et  al,  [30]  performs 
simulation  studies  on  the  potential  and 
performance  analysis  of  WECs  in  PHEV  charging 
using  satellite  data  obtained  from  National 
Renewable  Energy  Laboratory  (NREL).  The 
simulation  results  show  that  optimally  dispatching 
the  PHEV  charging  load  can  significantly  reduce 
the  total  operating  cost  of  the  system.  In  the  study 
conducted  by  Denholm  et  al.,  [31]  on  the 
integration  of  solar  PV  system  in  PHEV  charging, 
the  findings  of  the  study  revealed  that  depending 
on  the  penetration  of  each  technology,  PV  could 
meet  all  of  the  increased  capacity  requirements 
associated  with  PHEV  deployment,  while  PHEVs 
could  absorb  much,  but  not  all  of  the  potentially 
curtailed  PV  generation.  Pedro  et  al.,  [32]  performs 
modelling  and  simulation  on  the  potential  of  the 
solar  PV  system  in  EVs  charging  in  Lisbon, 
Portugal  using  satellite  data.  The  findings  of  the 
research  revealed  that  using  electric  vehicles  smart 
charging  approach,  a  100%  renewable 
energy-based  electricity  supply  is  possible  with 
certain  photovoltaics  and  electric  vehicles 
combinations  and  that  the  environmental  targets 
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to  reduce  carbon  dioxide  emissions  is  possible  with  validation  of  wind-solar  PV  hybrid  electricity 


significant  electric  vehicles  market  share.  In  the 
study  performed  by  Nathaniel  and  Lukas  [33], 
three  charging  strategies  are  evaluated  for  their 
effect  on  the  interaction  between  renewable 
electricity  generation  and  export  transmission 
constraints  using  the  simulation  method.  The 
results  revealed  that  these  strategies  were  shown 
to  be  effective  at  addressing  grid  considerations 
because  using  a  10%  EV  adoption  rate  such 
charging  algorithms  could  provide  0.6-3 MW  of 
additional  transmission  capacity.  In  the  study 
conducted  by  Taibi  et  al.,  [34],  the  potential  of 
introducing  EVs  into  grid  sized  Hybrid  Solar 
PV-WECs  based  electricity  network  is  studied 
using  local  data  in  Barbados  an  island  country  in 
the  Caribbean  region  of  North  America.  The  study 
identified  that  introducing  EVs  into  the  grid  can 
provide  several  benefits  without  considering  the 
V2G  technology.  It  is  shown  that  EVs  can  reduce 
VRE  curtailment,  increase  the  average  yearly 
marginal  cost  of  electricity  production  and  finally 
decrease  the  needs  of  grid-connected  storage  up  to 
a  13%  if  EVs  are  charging  during  the  day.  In 
Domenico  [35]  dynamic  simulation,  using  TRNSYS 
environment  is  employed  to  investigate  the 
reliability  of  Solar  PV-WECs-BESS-Heat  pump 
hybrid  system  on  EVs  charging  using  Satellite  data 
from  meteonorm  software.  Based  on  the  different 
employed  indicators,  the  findings  of  the  study 
revealed  that  the  presence  of  BESS  increases  the 
weekly  average  reliability  of  the  system  for  the 
designed  application.  Hasan  and  Hemmati  [36] 
performed  a  modelling  using  Mathematical 
modelling  using 

Multi-Objective-Techno-Economic-Environmental 
Optimisation  (MOTEEO)  on  the  application  of  Solar 
PV  on  EVs  charging  applications  in  Newcastle, 
United  Kingdom.  In  this  study,  a 

multi-objective-techno-economic-environmental 
optimisation  model  is  proposed.  The  results  show 
that  the  proposed  method  reduces  the  energy  cost, 
battery  degradation,  CO2  emissions  and  grid 
utilisation  by  88.2%,  67%,  34%  and  90% 

respectively  when  compared  to  uncontrolled 
electric  vehicle  charging.  Based  on  the  reviewed 
literature  on  the  HRES  application  to  EVs,  it  is 
clear  that  most  of  the  studies  are  based  on 
simulation  of  RESs  EVs  interaction  without 
validation.  However,  it  appears  from  the 
comprehensive  literature  search  that  studies 
related  to  hybrid  RESs  integration  are  very  rare 
and  hence  there  is  a  need  to  develop  this  area. 

This  paper  conducts  extensive  analysis  and 


system  for  typical  household  and  application  mini 
electric  vehicle.  The  system  is  proposed  to  deliver 
smoother  power  to  a  typical  household  and 
electricity  for  charging  the  mini  electric  campus 
shuttle  in  the  Central  University  of  Kerala. 

1.1  Background  and  Context 

Decentralized  renewable  energy  production  is 
commonly  the  main  solution  to  carbon  emission  in 
electricity  generation.  A  decentralized  or 
micro-electricity  generation  has  the  tendency  of 
yielding  significant  benefits  in  terms  of  energy 
efficiency,  reduction  in  carbon  emission,  mitigation 
to  electricity  transmission  and  distribution  losses 
and  enhancing  energy  security  [37].  The  term 
microgeneration  is  the  generation  of  electricity  in  a 
reliable  and  environmentally  sustainable  way  by 
individuals,  small  businesses,  communities,  etc. 
as  an  alternative  to  the  grid-connected  power  [37, 
38]. 

Transition  from  the  current  fossil-fuelled 
transportation  and  electricity  generation  to 
sustainable  and  green  electricity  in  India  requires 
the  deployment  of  renewable  energy  technologies  in 
the  form  of  micro  electricity  generation.  This 
involves  the  configuration  of  a  diverse  set  of 
renewable  energy  technologies  such  as  wind,  solar 
PV,  concentrated  solar  power,  geothermal, 
renewable  hybrid  technologies,  etc.  for  electricity 
generation  and  application  to  electric  vehicles  [39, 
40]. 

India  is  among  the  countries  with  the  largest 
energy  production  from  renewable  energy  sources. 
This  is  because  of  several  government  initiatives 
and  designed  policies  leading  the  country  toward 
ambitious  and  largest  renewable  energy  expansion 
capacity.  Unfortunately,  despite  the  massive 
penetration  of  renewable  energies  in  the  mix  of 
electricity  sources  in  India,  more  efforts  are 
required  from  the  Indian  local  and  central 
governments. 

The  importance  of  this  research  and  the  obtained 
results  lies  in  the  necessity  of  identifying 
sustainable  energy  solution  to  the  widespread 
electricity  shortage  at  the  study  site.  Certainly,  the 
obtained  results  will  serve  as  a  benchmark  toward 
achieving  sustainable  electricity  and 
transportation  in  India  at  large.  Based  on  the 
literature  analysis,  the  methodology  adopted  in 
this  study  is  first  of  its  kind  and  is  replicable  in  any 
location  across  the  globe 
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II.  MATERIALS  AND  METHODS  evaluate  the  performance  of  the  system  in  the 


a)  Meteorological  Datasets 

This  research  utilized  wind  and  solar 
meteorological  datasets  to  investigate  the  potential 
of  wind-solar  PV  hybrid  electricity  generation  and 
to  identify  the  viability  of  utilizing  the  technology 
for  electric  vehicles  charging  in  Periye,  Kasaragod 
using  potential  studies  and  validation.  Periye  is  a 
town  near  Kasaragod  city,  the  district 
headquarters  of  Kasaragod,  Kerala,  India.  The 
town  is  situated  within  the  Latitude  of  12°  43' 
87.51"  N  and  Longitude:  75°  20'  12"  E,  in  the  rich 
biodiversity  of  Western  Ghats,  sharing  a  border 
with  the  Arabian  Sea  by  the  west  as  shown  in  Fig. 


Fig  1 .  Geographic  localization  of  Periye, 
Kasaragod 


In  the  absence  of  any  responsible  agency  for 
weather  monitoring  and  forecasting  at  the  study 
site,  the  study  adopted  PVGIS5  2006-2016 
meteorological  datasets  recorded  at  10m  above  the 
ground  with  a  resolution  of  2x2  km,  in 
understanding  the  long-term  behaviour  of  the 
renewable  energy  resources  at  the  study  site.  The 
study  employed  MATLAB-Simulink  in  extracting 
irradiation,  wind  speed,  temperature,  wind 
direction,  and  other  required  datasets.  The 
extracted  hourly  datasets  from  PVGIS5  is  grouped 
into  seasons  of  the  year  winter  (December, 
January,  February),  summer  (March,  April,  May), 
monsoon  (June,  July,  August,  September)  and 
post-monsoon  (October,  November)  using 
MATLAB-Simulink. 

The  research  adopted  the  datasets  in  identifying 
the  potential  of  the  hybrid  wind/ solar  PV  system 
for  electricity  generation  for  typical  household 
electricity  application  and  mini  electric  vehicle.  To 


real-time  situation,  the  validation  studies  of  the 
system  are  conducted.  The  lkW  HRES  and  the 
weather  station  are  installed  on  the  rooftop  of 
Narmada  building,  Central  University  of  Kerala. 
The  output  of  the  hybrid  system  is  monitored 
through  UNILOG-Pro  differential  input  universal 
data  logger  for  the  period  the  experiment  lasted. 

b)  Meteorological  Datasets  Modelling 

1.  Wind  Datasets  and  Wind  Power  Output 

Modelling 

The  wind  speed  data  is  recorded  at  10m  above 
the  ground.  However,  since  wind  power  depends 
directly  on  the  cubic  wind  speed  Eq.  (1)  and  wind 
speed  changes  with  height  in  the  boundary  layer 
(wind  shear),  it  is,  therefore,  necessary  to  scale  the 
wind  speed  data  to  the  required  hub  height  of  the 
selected  wind  turbine. 

In  this  regard,  the  power-law  (Eq.  2),  is  the 
common  model  adopted  by  several  studies 
reviewed  in  the  literature  despite  been  prone  to 
several  limitations  that  can  promote  errors  in  the 
estimation  of  wind  speed  at  hub  height  [4 1 ,  42] .  In 
the  power-law  model,  the  exponent  (a)  is  an 
empirically  derived  coefficient  that  varies  with 
height  and  atmospheric  stability.  In  most  cases, 
studies  in  the  literature  often  assigned  a  constant 
value  of  (a)  approximately  1/7  or  0. 143  even  under 
calm  and  neutral  stability  conditions.  This  can 
sensibly  compromise  the  model  performance  by 
generating  incoherent  and  irregular  data  that  can 
lead  to  overestimation  or  underestimation  of  the 
wind  resources. 

To  address  this  challenging  issue,  this  study 
adopted  Millward-Hopkins  model  Eq.  3  in 
extrapolating  the  wind  speed  from  the  reference 
height  to  the  hub  height  suitable  for  the  selected 
wind  turbine.  Millward-Hopkins  takes  accounts  of 
several  boundary  layer  terms,  which  makes  it  on 
average  a  more  realistic  model  compared  to  other 
models  designed  for  this  application  [43-46] . 

V2  pr|CpAV3(l) 

Where, 

p=  density  of  air  (kgm-3),  V=  wind  speed  (ms1), 
Cp=  Coefficient  of  Performance  rj=  gearbox 
efficiency  and  generator  efficiency  A  =  area  of  the 
wind  turbine  blades  (m2) 

v-v°(7z„ra 

Where, 

V=  Wind  speed  at  hub  height  Z  in  ms-1,  V0  = 
Wind  speed  at  reference  height  Z0,  a= 

Wind  shear  exponent  coefficient  which  varies  from 
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site  to  site. 


Vhub=  Vref 


IniPhub  /Z0_ref  > 
ln[flO/Zo_ret) 


'(3) 


Where, 

Vhub=Wind  Speed  at  hub  height  Vref=  Wind  Speed 
at  reference  height  =  10m  Zhub=  Reference  height 
Zo-ref=  Reference  height  roughness  length. 


The  cubic  spline  interpolation  is  employed  in 
modelling  the  performance  of  the  selected  WECs 
based  on  the  available  wind  resources.  The  best 
polynomials  for  the  spline  are  identified  using  the 
curve-fitting  tool  of  MATLAB  Simulink. 

2.  Insolation  and  Solar  Power  Output  Modelling 

Starting  with  the  extracted  solar  irradiance  and 
the  solar  module  parameters  given  in  Table  2,  the 
solar  PV  power  output  is  estimated  using  the  global 
benchmark  model  for  estimating  the  photovoltaic 
system  electricity  output  given  in  Eq.  4. 

E  =  A  rGi  PR  (4) 

Where, 

E  =  Energy  Output  (W),  A  =  Total  solar  panel  Area 
(m2),  r  =  solar  panel  yield  (%),  Gi  =  Global  Horizontal 
Irradiance,  PR  =  Performance  ratio 

The  Performance  Ratio  (PR)  is  a  very  essential 
value  for  evaluating  the  quality  of  PV  installation 
independent  of  the  orientation  or  inclination  of  the 
panel  i.e.  it  is  taking  account  of  all  system  loses. 

It  is  important  to  highlight  the  uniqueness  of  this 
research  in  taking  account  of  the  solar  PV  module 
operating  temperature  Tm0d.  The  most  recent 
literature  on  HRES  is  not  taking  account  of  this 
important  parameter  in  solar  PV  electricity 
generation.  The  module  operating  temperature  Tmod 
is  calculated  using  Eq.  5  with  the  aid  of  the 
ambient  temperature  Tamb  and  Global  Horizontal 
Irradiance  Gi. 

It  is  important  to  point  that  the  model  does  not 
take  into  account,  the  cooling  advantage  of  the 
wind  on  the  PV  modules.  This  cooling  from  wind 
passing  below  the  PV  system  can  increase  the 
efficiency  of  the  solar  PV  system  in  the  range  of 
0-7%  depending  on  the  wind  strength  at  the  site  as 
reported  in  Koehl  et  al.  [48];  Schwingshackl  et  al. 
[49]  and  Huld  et  al.  [50]. 


Tmod  ~  Tamb  +  0.035Gi( 5) 


Where 

Tmod=  Module  operating  temperature  Tamb= 
Ambient  temperature  Gi=  Global  Horizontal 
Irradiance. 


c)  Load  Assessment 

Electricity  demand  data  is  one  of  the  stochastic 
parameters  required  in  the  designing  of  any 
successful  HRES. 


Fig.  2:  Typical  household  electricity  demand  profile 


Unfortunately,  the  hourly  electricity  profile  of  a 
typical  household  in  countries  like  India  is  very 
difficult  because  of  the  erratic  nature  of  electricity 
supply  across  the  counties.  Methodologies  recently 
discovered  in  the  literature  for  generating  a  typical 
household  electricity  demand  profile  includes, 
interpolation  method  Gado  et  al.  [51],  Artificial 
Neural  Networks  (ANN)  Gajowniczek  and 
Zabkowski  [52],  non-linear  and  multiple  regression 
methods  [53,  54]  and  genetic  algorithm  Ozturk  et 
al.  [55].  It  is  very  clear  that  those  modelling 
approaches  when  utilized  in  locations  with 
intermittent  power  supply,  the  methods  will 
certainly  generate  incoherent  data.  This  article 
introduces  the  PVGIS  electricity  demand  profile 
depicted  Fig.  2,  based  on  the  consumption  of  all  the 
electrical  appliances  connected  to  a  load  of  a 
typical  household  during  24-hours  of  the  day  with 
most  of  the  consumption  during  morning  and 
evening  hours. 

d)  HRES  Components 

To  achieve  the  objectives  of  this  study,  four  major 
components  are  considered  in  the  modelling, 
analysis  and  validation  of  the  designed  HRES.  The 
components  include  400W  Wind  Energy 
Conversion  system  (WECs),  600Wp  solar  PV 
system,  Battery  Energy  Storage  System  (BESS)  and 
BSC-P1  electric  campus  shuttle  as  depicted  in  Fig 
3.  As  shown  in  the  figure,  connected  to  the  DC  bus 
is  WECs,  the  solar  PV  system  and  the  BESS.  The 
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typical  household  electricity  load  and  the  Electric 
Vehicle  Supply  Equipment  (EVSE)  are  connected  to 
the  AC  bus  through  DC-AC  converter. 


DC  BUS  AC  BUS 


Fig.  3:  Configuration  and  components  of  the 
proposed  HRES. 


The  proposed  HRES  system  caters  to  the  load 
demand  of  typical  household  and  the  EV,  but  when 
there  is  excess  power  from  the  HRES,  the  excess 
power  is  used  to  charge  the  BESS. 

Solar  PV  modules 

Table  1  tabulates  the  specifications  and 
parameters  of  the  600Wp  solar  PV  system  at 
Standard  Test  Condition  (STC).  The  position  of  the 
study  site  falls  in  the  region  of  the  Northern 
hemisphere,  which  requires  an  optimal  angle  of  0° 
(azimuth  0°).  Based  on  the  model  calculations,  25° 
(i.e.  25°  azimuth  0°)  appear  the  best  tilt  angle  for 
the  solar  panel  to  receive  maximum  solar  radiation. 
Wind  Energy  Conversion  System  (WECS) 

Eco-Worthy  400W  horizontal  axis  wind  turbine 
technical  parameters  tabulated  in  Table  2  and  the 
power  curve  depicted  in  Fig.  4  is  adopted  in 
modelling  the  wind  power  output  based  on  the 
wind  datasets  for  the  potential  studies  and 
validation.  The  WECs  have  an  efficient  rotor  design 
and  can  operate  at  low  wind  speeds  with  high 
efficiency  and  longevity.  This  makes  it  reliable  for 
both  on-grid  and  off-grid  applications. 

The  Electric  Vehicle  (EV) 

BSC-P1  mini  electric  vehicle  with  the  specifications 
given  in  Table  3  is  adopted  in  identifying  the 
performance  of  the  hybrid  system  in  electric  vehicle 
charging.  The  selected  electric  vehicle  has 
electricity  demand  of  0.8kW  for  charging  the  five  (5) 
12V/38Ah  lead-acid  batteries  delivering  power  to 
the  brushless  DC  motor  for  the  vehicle  propulsion. 


BSC-P1  has  simple,  dynamic  and  elegance 
appearance  in  addition  to  its  convenient  operation. 
The  EV  operates  with  fast  charging  mode  from  the 
Electric  Vehicle  Supply  Equipment  (EVSE) 
operating  at  220V  on  50Hz  frequency.  According  to 
the  standards,  EVSE  charging  three  classes  are 
identified  as  level  1,  level  2  and  DC  Fast  Charge 
(DCFC)  [58].  The  BSC-P1  is  equipped  with  level  2 
charging  classification  using  220V  AC. 
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Fig.  4:  Eco-Worthy  400W  Manufacturer  Curve. 


Table  1 :  Technical  parameters  of  the  solar  PV 
system  at  STC[47] 


Parameter 

Value 

Nominal  power  (Pmax) 

150 

Panel  area  (m2) 

0.98 

Operating  Voltage  (V) 

12 

Short-circuit  current  Isc  (A) 

8.80 

Voltage  at  maximum  power  Vmpp  (V) 

18.25 

Maximum  power  current  Impp  (A) 

8.22 

Module  efficiency  (g%) 

15.90 

Power  tolerance  (W) 

0  ~+5 

Operating  temperature  range  (°C) 

-40  and  +85 

Battery  Energy  Storage  System 
Inverter. 

(BESS)  and 

The  generic  model  of  rechargeable  battery 
depicted  in  Fig.  5  is  adopted  in  modelling  the 
battery  storage  system.  The  BESS  is  modelled 
using  Eq.  6  and  Eq.  7,  which  are  similar  to  the 
model  adopted  in  the  study  conducted  by  Tremblay 
et  al.  [59],  and  Krishan  and  Suhag  [60]. 
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Table  2:  Technical  parameters  of  the  WECs  [56]. 


Parameter 

Value 

Turbine  type 

HAWT 

Rotor  diameter 

1.2  m 

Nominal  Power  Output 

400W 

Power  Coefficient  (Cp) 

0.42 

Cut-in  Wind  Speed 

2.5  ms-1 

Survival  wind  speed: 

35ms-1 

Rated  Wind  Speed 

10.5  ms1 

Rated  Voltage 

DC:  12-24V 

Rated  Rotate  Speed 

800r/min 

This  model  helps  in  identifying  the  suitable  BESS 
for  the  validation  studies  and  suitable  Watt-hour 
capacity  required  for  the  typical  household 
application  during  non-generation  hours  from  the 
RESs.  The  BESS  is  utilised  primarily  in  the  HRES 
designs  to  ensure  smooth  and  stable  power  supply 
in  the  event  of  a  mismatch  between  the  RESs 
generation  and  demand. 


Internal 


Fig.  5:  Generic  model  of  rechargeable  battery 


Luminous  solar  nxg  1400- 12V  hybrid  inverter 
shown  in  Table  4  is  utilised  in  the  validation 
studies. 

E=E0-KQ/Q_j.dt  +  Aexpd-B  J  idt)(6) 
Where, 

E=  Controlled  voltage  source  (V),  Eo=  Constant 
voltage  (V),  K=  Polarization  constant  (V/Ah),  Q= 
Maximum  ampere-hour  capacity  of  the  battery 
(Ah),  / idt=  Charge  taken/ delivered  by  the  battery 
(Ah),  A=  Exponential  voltage  (V),  B=  Exponential 
capacity  (Ah-1),  Vbatt=  Battery  nominal  voltage  (V), 
Rbatt=  Internal  resistance  (Q),  Ibatt=  Battery  current 
(A). 


Based  on  the  modelling,  two  (2)  Luminous  ILTT 
26060-220Ah,  12V  were  identified  to  be  suitable 
for  the  validation  studies. 

Cwh  =  (El/AD)  /  (ribatt  -t.  DoD)  (7) 

Where, 

EL  =  the  average  daily  load  energy  (kWh  day1),  AD= 
Daily  autonomy  of  the  battery,  DoD=  Battery  depth 
of  discharge,  TiBatt,  =  efficiency 

III.  Results  and  Discussion 
A.  Monthly  Wind  Speed,  Irradiation  and 
Monthly  Power  Output  Analysis 

The  extracted  wind  speed  data  measured  at  10m 
varies  between  0.15  ms'1  to  7.75  ms1  with  an 
annual  average  hourly  value  of  2.82  ms1.  This 
shows  that  the  site  has  reasonable  wind  resources 
for  small  scale,  medium  and  large-scale  wind 
electricity  generation. 

Certainly,  the  Millward-Hopkins  model  adopted 
in  scaling  the  wind  speed  data  from  reference 
height  to  the  required  hub  height  has  shown  best 
accuracy  in  comparison  to  the  most  common 
model  in  the  literature  (power-law)  as  depicted  in 
Fig.  6.  Results  from  the  figure  show  that  at  all 
levels,  the  wind  speed  values  underestimated  by 


Fig.  6:  Comparison  between  Millward-Hopkins  and 
Power  law. 
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Charge  Controller  Rating  (A/V)  40/12 


Fig.  7.  The  wind  rose  diagram:  a)  Winter;  b) 
Summer;  c)  Monsoon;d)  Post-monsoon;  e)  typical 
year 

Electric  Vehicle  Specifications  [57]  Table  4: 

Luminous  solar  nxg  hybrid  inverter  1400  -  12V 


Parameter 

Value 

Power 

800W 

Power  supply 

Lead  Battery 

Battery 

12V/38Ah 

Voltage 

DC/60  V 

Top  speed 

40-45  kmh-i 

Mileage 

120  km 

Full  charge  time 

6-10  hours 

Motor 

Brushless  motor 

Load  Capacity 

400kg 

Net  weight 

350  Kg  (with  battery) 

Fig.  7  shows  the  analysis  of  the  wind  direction 
using  the  wind  rose  method  from  the  extracted 
data.  The  wind  rose  generated  for  all  the  seasons  of 
the  year,  revealed  that  the  predominant  wind 
direction  at  the  site  is  ESE  (East  South  East) 
direction  across  all  the  seasons  of  the  year.  This  is 
an  indication  of  stable  weather  conditions  at  the 
study  site. 

The  monthly  average  irradiance  of  the  extracted 
data  has  a  mean  monthly  value  of  463.04  Wm-2 
that  varies  between  351.75-588.88  Wm2.  The 
analysis  of  temperature  at  the  study  site  revealed 

the  mean  monthly  air  temperature  of  27. 19°C  with 
the  highest  value  of  29.72°C  in  April,  and  the 
corresponding  lowest  value  of  26.28°C  in 
September.  The  average  temperature  observed 
corresponds  to  48°C  module  operating  which  is 
within  the  range  of  the  NOCT  (Nominal  Operating 
Cell  Temperature)  of  the  selected  solar  PV  system 
for  simulation  and  validation  studies. 

The  mean  monthly  analysis  of  the  wind  speed  at 
15m  and  solar  resources  are  presented  in  Fig.  8a. 
By  analyzing  the  figure,  it  appears  that  June  has 
the  highest  monthly  mean  wind  speed  and 
November  has  the  lowest  wind  speed  value  and 
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power  output.As  it  is  explicitly  evident  from  the 
trends  in  Fig.  8a,  March  has  the  highest  irradiation 
and  the  lowest  irradiation  values  are  recorded  in 
June.  The  analysis  of  temperature  revealed  the 
mean  monthly  air  temperature  of  27. 19 °C  with  the 
highest  value  of  29.72°C  in  April,  and  the 
corresponding  lowest  value  26.28°C  in  September 
as  shown  in  Fig.  8b. 


(b) 


(c) 


Fig.  8.  Monthly  analysis:  a)  mean  wind  speed  at 
15m  and  monthly  irradiation:  b)  Global  Horizontal 
Irradiation  and  air  temperature:  c)  mean  monthly 
power  output:  d)  mean  monthly  hybrid  power 
output 

Observation  of  the  results  in  Fig.  8c,  on  the 
generated  wind  power  output  by  the  proposed 
cubic  spline  interpolation  model,  shows  that  there 
is  no  reduction  on  the  power  rating  of  the  wind 
generator  at  all  levels  of  wind  speed.  This  means 
the  model  is  compatible  with  the  original  values  in 
the  turbine  power  curve.  Although  techniques  such 
as  Gamma,  Lognormal,  three-parameter  Beta, 
Rayleigh  and  Weibull  distributions  are  successfully 
used  by  different  studies,  the  spline  interpolation 
method  often  performs  best  in  diurnal  wind 
resources  analysis.  Thapar  et  al.  [61],  Lydia  et  al. 
[62]  and  Said  et  al.  [16]  highlighted  that  the  cubic 
spline  interpolation  method  is  often  preferred  over 
other  interpolation  because  the  interpolation  error 
can  be  made  small,  even  when  using  low  degree 
polynomials  for  the  spline.  Additionally,  by 
applying  the  benchmark  model  on  the  monthly 
irradiation  data,  the  results  derived  shows  the 
effectiveness  of  the  model  in  estimating  solar  power 
output  as  shown  in  Fig.  8c. 

It  is  evident  from  the  observed  trends  in  the 
figure  that  the  distinctive  profile  of  the  wind  and 
solar  resources  across  the  study  site.  This  shows 
that  the  combination  of  the  two  renewable  energy 
systems  in  the  form  of  hybrid,  can  offer  a  unique 
opportunity  for  the  elimination  of  intermittency 
effect  as  depicted  in  Fig.8d.  This  analysis  is 
presented  in  this  section  for  better  observation  of 
how  the  wind  and  solar  resources  are  correlated 
every  month.  This  will  surely  portray  clear 
information  about  the  potential  of  the  HRES  in 
electricity  generation  in  the  study  area. 
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B.  Seasonal  Resources  and  Power  Output 
Analysis 

Seasonal  renewable  energy  resources 
analysis  is  paramount  in  any  finest  renewable 
energy  potential  studies.  The  irradiation  and  wind 
speed  across  the  typical  day  in  all  the  seasons  of 
the  year  are  shown  in  Fig.  9.  The  results  from  the 
figures  revealed  a  clear  pattern  of  high  values 
during  the  peak  sunshine  hours  for  the  solar 
irradiation  and  the  wind  speed.  This  is  among  the 
most  interesting  findings  of  this  research  because 
it  gives  a  clear  relationship  between  the  two 
renewable  energy  resources.  Generally,  the 
observed  wind  speed  values  across  the  study  area 
show  a  clear  pattern  of  higher  wind  speeds  during 
the  sunshine  hours  when  compared  with  night 
hours.  This  is  not  a  complex  issue,  because  the 
higher  wind  speed  during  the  peak  sunshine  hours 
can  be  because  of  uneven  heating  of  the  earth  by 
the  sun.  The  heating  causes  buoyancy  that  is 
leading  to  circulation  and  movement  of  air  parcels 
from  the  region  of  higher  pressure  to  the  region  of 
the  lower  pressure  of  the  earth.  This  is  the  driving 
factor  for  wind  energy  formation  showing  that  wind 
energy  depends  heavily  on  solar  radiation  Gado  et 
al.  [51];  Graham  [63];  Azad  et  al.  [64];  Muthukumar 
Muthuchamy  et  al.  [65];  Nelson  et  al.  [66].  The 
clear  results  presented  on  the  relationship  between 
wind  and  solar  energy  resource  can  be  attached  to 
the  efforts  made  in  undergoing  the  diurnal  analysis 
of  the  resources  at  all  levels.  This  shows  that  a 
huge  benefit  can  be  achieved  by  hybridising  the 
two  renewable  energy  sources  in  electricity 
generation. 

To  appreciate  the  level  of  the  huge  potential 
of  RESs  in  electricity  generation  in  the  study  area, 
Fig.  10  depicted  the  overall  seasonal  analysis  of  the 
lkW  wind-solar  PV  hybrid  system.  As  highlighted, 
the  system  comprises  600Wp  solar  PV  system  and 
400W  Wind  Energy  Conversion  system  (WECs). 
Clear  observations  of  the  trends  in  the  figure  will 
reveal  that  due  to  higher  solar  PV  output  from  the 
system,  the  hybrid  output  contour  follows  the  solar 
PV  output  contour.  The  main  observation  is  drawn 
from  the  results  in  Fig.  10  is  that  the  study  area  is 
a  very  good  location  for  solar  PV  electricity 
generation.  Additionally,  based  on  the  observed 
potential  of  RESs  hybrid  system  can  be  a  viable 
solution  to  the  ever-increasing  electricity  shortage 
across  the  Kasaragod  district  where  the  study  site 
is  situated. 


— e—  Winter 
— Summer 
— e—  Monsoon 
— €>—  Post-Mon 


Hours  of  the  Day 


(b) 

Fig.  9.  Diurnal  seasonal  variation;  (a)  wind  speed 
at  15m;  (b)  irradiation 


Fig.  10.  Seasonal  lkW  wind-solar  PV  hybrid 
power  output 
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Fig.  11.  Typical  day  across  all  the  seasons  a)  wind 
speed  at  1 5m  and  irradiation:  b)  power  output  (c) 
HRES  power  output  (d)  HRES  performance  against 
typical  household  electricity  demand 


Hybrid  system  Performance  Analysis 

Diurnal  renewable  resources’  modelling  is  among 
the  technique  that  can  provide  clear  information  on 
the  stochastic  and  dynamic  nature  of  renewable 
resources  in  renewable  electricity 

generation  and  forecasting.  The 
relationship  between  the  diurnal  wind  speed  at 
15m  and  irradiation  across  the  typical  day  across 
all  the  seasons  are  presented  in  Fig.  1  la. 


172  International  Journal  for  Modern  Trends  in  Science  and  Technology 


Gado  Abubakar,  Anbazhagi  Muthukumar,  Abdullahi  B.U  and  Muthukumar  Muthuchamy,  "Performance  Evaluation  and  Optimization  of 
Wind-Solar  PV  Hybrid  Electricity  Generation  and  Application  to  Electric  Vehicle" 


(b) 


(c) 


Fig.  12.  Comparison  of  PVGIS5  and  real 
parameters:  a)  Wind  speed  at  15m;  b)  400W  WECS 
power  output;  c)  Irradiation;  d)  600Wp  solar  PV 
power  output 

Evidence  from  the  figure  shows  a  clear  pattern  of 


high  irradiation  values  during  the  peak  sunshine 
hour.  Because  of  the  direct  relationship  between 
solar  energy  and  wind  energy,  higher  wind  speed 
values  and  WECs  power  output  are  also  recorded 
during  the  peak  sunshine  hours  as  depicted  in  Fig. 
lib.  The  trend  in  Fig.  11c  summarized  the  huge 
benefits  of  hybridizing  the  two  RESs  in  electricity 
generation.  Although,  it  is  clear  that  solar  PV  power 
output  outweighs  the  WECs  power  output, 
hybridizing  the  two  RESs  can  offer  a  higher  chance 
of  eliminating  intermittency  effect  of  RESs  in 
electricity  generation. 

The  overall  performance  of  the  hybrid  system  is 
tested  against  the  typical  household  electricity 
demand  to  understand  the  performance  of  the 
system.  The  result  in  Fig.  lid  depicts  the  hourly 
power  output  from  the  400W  WECs,  600Wp  solar 
PV,  lkW  HRES  and  the  typical  household  hourly 
electricity  demand  during  a  typical  day  across  all 
the  seasons.  It  is  evident  from  the  trends  that, 
there  is  higher  power  output  from  the  solar  PV 
system  and  wind  turbine  during  peak  sunshine 
hours.  It  also  clear  from  the  results  that,  during  the 
sunshine  hours,  the  solar  PV  and  wind  power 
outputs  exceeded  the  electricity  demand  and 
hence,  the  hybrid  output  exceeded  the  demand 
greatly.  Although  the  main  issue  about  BESS  is  the 
cost  because  it  can  significantly  increase  the 
overall  cost  of  the  system.  However,  based  on  the 
results  observed  on  the  HRES  performance,  the 
payback  period  of  the  system  is  optimistically  low 
because  of  the  availability  of  the  renewable 
resources  across  the  study  sites  especially  the 
solar  resources. 

D.  HRES  Performance  Validation 

To  evaluate  the  real  performance  of  the  designed 
HRES,  the  finest  real-time  validation  of  the  system 
is  conducted.  The  lkW  hybrid  system  and  the 
weather  station  are  installed  at  the  rooftop  of 
Narmada  building,  Central  University  of 
Kerala.The  output  of  the  hybrid  system  is 
monitored  through  UNILOG-Pro  differential  input 
universal  data  logger.To  describe  more  precisely 
the  variation  of  the  two  data  sources, statistical 
analysis  was  conducted  to  understandthe  variation 
between  the  real  parameters  and  the  estimated 
parameters,  the  results  are  tabulated  in  Table  5. 
The  relationship  between  the  measured  wind  speed 
at  15m,  irradiation  and  corresponding  power 
outputs  against  the  PVGIS5  wind  speed  values  at 
15m  and  measured  irradiation  corresponding 
power  outputs  are  depicted  in  Fig.  12.  It  is  evident 
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from  the  results  in  Fig.  12  and  Table  5  that  the 
obtained  results  from  the  simulations  and  the 
experimental  measurements  are  acceptable  as  they 
mainly  agree  with  the  experimental  results. 
Although  the  trends  of  the  two  data  sources  look 
similar  in  nature,  the  measured  data  shows  better 
accuracy.  Additionally,  as  admitted,  in  most  HRES 
case  studies,  the  simulated  results  usually  appear 
higher  than  the  experimental  results.  The  results 
observed  in  this  study  contradict  the  results  of 
many  studies  in  the  literature  because  the 
measured  parameters  are  higher  than  the 
simulated  results  in  all  cases.  The  trends  observed 
in  this  section  are  similar  to  the  results  reported  by 
Mustafa  [67];  Sami  and  Icaza  [68]  and  Lennart  et 
al.  [69].  It  is  clear  from  both  the  simulation  and 
validation  results  that  there  is  a  clear  correlation 
between  wind  speed  and  irradiation.  Although 
there  are  several  metrological  parameters 
governing  the  movement  of  air  parcels  in  the 
atmosphere,  the  buoyancy  effects  due  to 
temperature  increase  are  concluded  as  the  leading 
factor  behind  the  higher  values  of  all  the  RESs  in 
the  peak  sunshine  hours. 

E.  Hybrid  System  Application  to  Electric 
Vehicle 

Among  the  major  objectives  of  this  research  is  to 
investigate  the  potential  of  the  designed  HRES  for 
Electric  Vehicles  (EVs)  charging.  BSC-P1  brushless 
DC  Motor  mini  electric  vehicle  with  the  electricity 
demand  of  0.8kW  for  charging  the  five  (5) 
12V/38Ah  lead-acid  batteries  delivering  power  to 
the  brushless  DC  motor  for  the  vehicle  propulsion 
is  the  selected  EV  in  this  study.  The  EV  operates 
with  fast  charging  mode  from  the  Electric  Vehicle 
SupplyEquipment  (EVSE)  operating  at  220V  on 
50Hz.  To  present  a  clear  demand  dynamics,  the  EV 
electricity  demand  is  distributed  across  the 
number  of  hours  suitable  for  the  EV  to  be  charged 
during  the  idle  periods.  The  EV  is  scheduled  to 
shuttle  within  the  university  for  two  shuttle  times. 
The  periods  of  shuttles  are  9am- 11am  and 
5pm-9pm.  The  typical  household  electricity 
demand  and  the  EV  electricity  demand  are 
combined  to  understand  the  overall  performance  of 
the  system. 

Preview  Fig.  13  it  can  be  realised  that  that  the 
performance  of  the  HRES  during  the  sunshine 
hours  was  very  promising  in  delivering  power  to  the 
loads.  The  results  clearly  show  that  the  system  was 
able  to  supply  power  to  the  demand  during  early 
morning  hours,  from  the  WECs  output.  Although 


the  power  delivery  by  the  system  during  sunshine 
hours  was  not  able  to  meet  the  total  demand,  the 
deficit  was  covered  during  the  sunshine  hours. 
During  the  sunny  hours,  the  results  revealed  that 
huge  surplus  power  was  employed  by  the  system  in 
charging  the  BESS. 

It  can  be  seen  from  Fig.  13  that  both  the  simulated 
and  experimental  results  can  be  able  to  deliver  the 
total  electricity  demand  from  the  loads  with  huge 
excess  power.  Based  on  the  electricity  demand  of 
the  EV  and  the  total  power  demand  of  the  BESS, 
the  analysis  of  the  results  revealed  that  the 
proposed  HRES  was  able  to  supply  the  total 
electricity  demand  of  the  BSC-P1  electric  campus 
shuttle  and  the  BESS  charging  with  surplus  power 
to  the  grid.  The  results  observed  in  this  section 
revealed  that  the  proposed  novel  technique 
addressed  the  intermittency  effect  of  renewable 
energy  resources  in  electricity  generation  at  both 
simulation  and  validation. 

Table  5:  Correlation  Coefficient  (r)  values  PVGIS5 
and  real  parameters 


Parameter 

Correlation  Coefficient 
(r)  Values 

Wind  speed 

0.98% 

Wind  power  output 

0.154 

Solar 

0.10% 

Solar  power  output 

0.098 

Temperature 

0.239 

Hybrid  output 

0.66% 
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Fig.  13.  Hybrid  system  performance  across  the 
typical  day  in  all  the  seasons:  a)  comparison 
between  experimentally  measured  data  and 
PVGIS5  data  (b)  demand  analysis  of  the  HRES 

IV.  Conclusion 

A  grid-independent  wind/PV/batteiy-based 
HRES  is  designed  analysed  and  validated  using  a 
novel  approach  for  the  first  time  as  optimum  to 
fulfill  the  typical  household  electricity  demand  and 
mini  electric  campus  shuttle.  The  solar  PV-wind 
hybrid  plant  is  the  first  of  its  kind  across  the 
district  and  as  such,  potential  studies  of  the  hybrid 
system  is  required.  The  study  assesses  the 
potential  studies  of  the  hybrid  system  across  the 
seasons  of  the  year  using  PVGIS5  satellite  data 
before  the  overall  system  validation.  The  first  step 
of  the  study  is  the  extraction  and  sorting  the 
satellite  datasets  to  the  seasons  of  the  year  and 
typical  day  across  the  seasons  of  the  year  using 
MATLAB  Simulink.  Using  the  extracted  datasets, 
the  finest  potential  evaluation  of  the  hybrid  system 
is  established. 

The  simulation  results  obtained  on  the  designed 
HRES  demonstrated  the  effectiveness  of  all  the 
adopted  methods  in  enhancing  the  modelling 
accuracy  of  renewable  electricity  systems  in 
electricity  generation.  The  results  of  the  system 
simulation  show  that  there  exists  a  direct 
relationship  between  solar  energy  and  wind  energy 
in  electricity  generation.  The  distinctive  profiles  of 
wind  and  solar  resources  show  that  the 
combination  of  the  two  renewable  energy  systems 
in  the  form  of  hybrid  can  offer  a  unique  opportunity 
in  eliminating  the  intermittent  effect  of  renewable 
energy  resources  in  electricity  generation.  As 
admitted  in  many  cases,  the  predicted  performance 
in  simulated  models  usually  surpasses  the  real 
hybrid  plant,  which  is  in  contradiction  with  the 


findings  of  this  study. 

The  simulation  and  the  validation  results  all 
demonstrated  that  the  system  could  deliver  full 
electricity  demand  of  typical  household  as  well  as, 
the  800W  electricity  demand  of  BSC-P1  electric 
campus  shuttle.  Further  analysis  of  the  results 
revealed  that  100%  BESS  charging  could  be 
achieved  and  the  battery  capacity  was  never 
reached  at  all-time,  which  is  indicating  the  viability 
of  the  system  in  supplying  uninterrupted  power  to 
electricity  demand. 
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